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Liver Kinase Bl Is Required for White Adipose Tissue 
Growth and Differentiation 

Wencheng Zhang, 1 Qilong Wang, 1 Ping Song, 1 and Ming-Hui Zou 1 ' 2 



White adipose tissue (WAT) is not only a lipogenic and fat storage 
tissue but also an important endocrine organ that regulates energy 
homeostasis, lipid metabolism, appetite, fertility, and immune and 
stress responses. Liver kinase Bl (LKB1), a tumor suppressor, is 
a key regulator in energy metabolism. However, the role of LKB1 in 
adipogenesis is unknown. The current study aimed to determine 
the contributions of LKB1 to adipogenesis in vivo. Using the Fabp4- 
Cre/loxP system, we generated adipose tissue-specific LKB1 
knockout (Li£Bi ad_/ ~) mice. LKBl a ~ mice exhibited a reduced 
amount of WAT, postnatal growth retardation, and early death be- 
fore weaning. Further, LKB1 deletion markedly reduced the levels 
of insulin receptor substrate 1 (IRS1), peroxisome proliferator- 
activated receptor 7, CCAAT/enhancer-binding protein a, and phos- 
phorylated AMP-activated protein kinase (AMPK). Consistent with 
these results, overexpression of constitutively active AMPK par- 
tially ablated IRS1 degradation in LKB1 -deficient cells. LKB1 
deletion increased the levels of F-box/WD repeat-containing pro- 
tein (Fbw) 8, the IRS1 ubiquitination E3 ligase. Silencing of Fbw8 
increased IRS1 levels. Finally, promoter analysis and DNA chroma- 
tin immunoprecipitation analysis identified three sterol regulatory 
element (SRE) sites in the Fbw8 promoter, where SRE-binding pro- 
tein lc binds and induces the expression of Fbw8. Taken together, 
these data indicate that LKB1 controls IRSl-dependent adipogenesis 
via AMPK in WAT. Diabetes 62:2347-2358, 2013 




White adipose tissue (WAT) is not only an ac- 
tively lipogenic and fat storage tissue, but is 
also an important endocrine organ that 
secrets critical hormones and factors such as 
leptin, adiponectin, and tumor necrosis factor-a that reg- 
ulate energy homeostasis, lipid metabolism, appetite, and 
fertility, as well as immune and stress responses (1). In 
addition, dysfunctional WAT is reported to cause severe 
metabolic diseases such as obesity, type 2 diabetes, cancer 
cachexia, and lipodystrophies (2). WAT generation is 
controlled by a complex network of transcription factors, 
including numerous transcriptional activators, coactivators, 
and repressors (3). Two transcription factors, peroxisome 
proliferator-activated receptor 7 (PPAR7) and CCAAT/ 
enhancer-binding protein a (C/EBPa), are considered 
master regulators of adipogenesis (3). Deletion of PPAR7 
or C/EBPa in mice results in an almost complete absence 
of WAT (1,4). PPAR7 and C/EBPa positively regulate each 
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other's expression and cooperate to control adipogenesis 
(5). However, the factors and the underlying mechanisms 
that regulate the induction of PPAR7 and C/EBPa ex- 
pression during adipogenesis remain poorly understood. 

The insulin receptor substrate (IRS)/Akt signaling cas- 
cade is critical for adipogenesis. The loss of individual IRS 
proteins inhibits adipogenesis, with the order of im- 
portance being IRS1 > IRS3 > IRS2 > IRS4 (6). IRS1 
knockout (KO) mice have significant lipodystrophy, al- 
though brown adipose tissue (BAT) is relatively unaffected 
(7), and IRSl-transgenic mice show increased fat mass (8). 
Moreover, a novel spontaneous mutation in Irsl in mice 
results in impaired adipogenesis (9), further confirming the 
important role of IRS1 in adipogenesis. Akt regulates the 
process of adipocyte differentiation through the induction 
of PPAR7 expression (10). Mice that lack both Aktl and 
Akt2 are lipoatrophic, and mouse embryonic fibroblasts 
(MEFs) from these animals cannot undergo differentiation 
(10). The insulin/Akt-resistant state is partly caused by the 
loss of the IRS1 protein due to its enhanced degradation by 
the ubiquitin proteasome system (11-13). Recently, IRS1 
was reported to be degraded by the Cullin 7 (CUL7)/E3 
ubiquitin ligase complex containing the F-box/WD repeat- 
containing protein (Fbw) 8-substrate-targeting subunit, 
Skpl, and the really interesting new gene finger protein 
regulator of cullins 1 (ROC1). Overexpression of CUL7 or 
Fbw8 could therefore lead to IRS1 degradation (14). 
However, the role of IRS1 E3 ligase in adipogenesis is 
unknown. 

The liver kinase Bl (LKB1) protein (also known as 
Stkll) is a serine/threonine protein kinase that was first 
described as a tumor suppressor gene mutated in Peutz- 
Jeghers syndrome, a familial form of cancer (15,16). LKB1 
is ubiquitously expressed in mammalian cells and is acti- 
vated in a complex with two scaffolding proteins: STE20- 
related adaptor (STRAD) protein and mouse protein 25 
(M025) (17). Currently, LKB1 is also implicated as a cen- 
tral regulator of cell polarity and energy metabolism in 
a variety of systems. These functions of LKB1 are thought 
to be achieved via the direct phosphorylation of the AMP- 
activated protein kinase (AMPK) family of proteins, con- 
sisting of 14 members (18). The roles of LKB1 in many 
tissues have been researched in the last decade using 
tissue-specific LKB1 KO mice. For example, deletion of 
LKB1 in smooth muscle produced benign gastrointestinal 
hamartomas (16). This result indicates that LKB1 has a 
role as a tumor suppressor gene. KO of LKB1 in skeletal 
muscle prevented AMPK activation and glucose uptake in 
response to contraction and phenformin (19), indicating its 
important function in energy metabolism. Loss of LKB1 in 
adult (3-cells increased (3-cell mass and abnormal polarity 
(20), confirming its significance in cell polarity. However, 
the role of LKB1 in adipogenesis has not been previously 
demonstrated. Lkbl KO embryos die before embryonic day 
11 because of severe developmental defects, including 
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FIG. 1. Severe growth retardation in adipose tissne-specific LKB1 KO mice. A: RT-PCR to detect LKB1 mRNA levels in WAT and BAT of WT mice 
(n = 3). B: Western blot analysis to detect LKB1 protein levels in WAT and BAT of mice. C and D: Western blot to detect p-AMPKa T172 levels in 
WT and LKBl-deficient WAT and BAT. The blot is representative of three blots obtained from three independent experiments. E: Photographs of 
representative 18-day-old male WT andZJ£Bl ad-/ ~ mice. F: A typical growth curve for male mice from postnatal days 1-17 (n = 5). G: Kaplan-Meier 
survival plot of WT and LKBl ad / ~ mice. H: Blood glucose levels were measured at different ages for WT and LKBl ad / ~ mice (w = 5). *P < 0.05 
compared with WAT from WT. AU, arbitrary units. (A high-quality color representation of this figure is available in the online issue.) 



impaired neural tube closure and somitogenesis, mesen- 
chymal tissue cell death, and defective vasculature (21), 
therefore limiting research into the role of LKB1 in adipose 
differentiation. In the current study, we used the Cre/LoxP 



system to generate an adipocyte-specific LKB1 deletion in 
mice (LXB7 acW ~), and we report that LKBl ad / ~ mice 
showed impaired WAT differentiation and postnatal growth 
retardation. 
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RESEARCH DESIGN AND METHODS 

Reagents. Antibodies to C/EBPa (2295S), PPAR7 (2295S), phosphoiylated (p-) 
AMPKa T172 (2535 L), Fabp4 (3544S), p-Akt Thr308 (9275S), p-Akt Ser473 
(9271S), Akt (9272S), p-S6Kl T389 (9234S), S6K1 (2708S) and p-FoxOl Ser256 
(9461S) were from Cell Signaling Technology (Danvers, MA). Antibodies to 
LKB1 (sc-32245), GAPDH (sc-137179), and sterol regulatory element (SRE)- 
binding protein lc (SREBP-1; sc-8984) were purchased from Santa Cruz Bio- 
technology (Santa Cruz, CA). Antibodies to uncoupling protein 1 (AB1426), 
p-IRSl Tyr612 (07-846), and IRS1 (06-248) were purchased from Millipore 
(Temecula, CA). Anti-Fbw8 (ab85647) and p-IRSl S636/639 (ab53038) were from 
Abeam (Cambridge, U.K.). Anti-fatty acid synthetase (NB400114) was from 
Novus Biologicals (Littleton, CO). Anti-CUL7 (13738-1-AP) was from Pro- 
teintech (Chicago, IL). Anti-FLAG (F7425) antibody was from Sigma-Aldrich (St. 
Louis, MO). The vectors expressing FLAG-tagged SREBP-la, SREBP-lc, and 
SREBP-2 were purchased from Addgene (Cambridge, MA). FuGene HD trans- 
fection reagent was from Roche Applied Science (Indianapolis, IN). The Dual- 
Lucif erase Assay Kit was purchased from Promega (Madison, WI). 
Generation of adipocyte-specific LKBl-deleted (LKBl ad ~'~} mice. To 
generate adipose tissue-specific disruption of the LKB1 gene (LKBl ad ~ f ~), 
U^Qlflox/jiox m - ce were cross bred with transgenic mice expressing the Cre 
recombinase under the control of the Fabp4 promoter/enhancer. PCR-based 
genotyping of LKBl ad ~'~ mice was performed with the following primers: 
Fabp4-Cre, 5 ' -TCTCACGTACTGACGGTGG3 ' and 5 ' -CCAGCTTGCATGATCTCC-3 ' ; 
for the upstream 5' loxP site, 5 ' -TCTAACAATGCGCTCATCGTCATCCTCGGC-3 ' ; 
and for the downstream 3' loxP site, 5'-GAGATGGGTACCAGGAGTTGGGGC-3' . 
The deletion of exons 3-6 of LKB1 was verified as described previously (22). 
The animals were housed in a controlled environment (20 ± 2°C, 12-h/12-h 
light/dark cycle) and had free access to water and standard chow diet. All 
experiments were conducted in accordance with the Animal Care and Use 
Committee of the University of Oklahoma Health Science Center. 



Preparation of primary MEFs and induction of adipocyte differentiation. 

Primary MEFs were isolated from embryos of lrbI^ 00 ^ mice at 13.5 days 
postcoitum. Cells were cultured at 37°C in high-glucose Dulbecco's modified 
Eagle's medium (GIBCO BRL, Carlsbad, CA) supplemented with 10% (volume 
for volume [v/v]) heat-inactivated FBS (Sigma-Aldrich) and 100 U/ml penicillin/ 
streptomycin (GIBCO BRL). LKBl^^ 00 MEF cells were infected with adeno- 
virus expressing lacZ (wild-type [WT]) or Cre recombinase (LKB1 KO). Two days 
later, the medium was replaced with the standard differentiation induction me- 
dium containing 0.5 mmol/L methylisobutylxanthine, 1 umol/L dexamethasone, 

10 fxg/mL insulin, 10 |xmol/L troglitazone (all from Sigma), and 10% (v/v) FBS. 
This medium was changed every other day. For the preparation of proteins for 
Western blot analysis, cells were harvested at 0, 2, 5, and 8 days of differentia- 
tion. AMPKa 1- and -a2-deficient MEFs were prepared using the same procedure. 

011 Red O staining. Oil Red O staining was performed at 8 days after cell 
differentiation. Briefly, cells were washed twice with PBS and fixed with 10% 
formalin in PBS for 1 h. They were washed three times with water and stained 
with Oil Red O (six parts of 0.6% Oil Red O dye in isopropanol and four parts of 
water) for 1 h. Excess stain was removed by washing with water, and then 
microscopic images were recorded. 

Cellular triglyceride levels. Triglycerides (TGs) were extracted from cultured 
cells using hexane/isopropanol (3:2 [v/v]). The lipid extracts were dried under 
a gentle stream of nitrogen and dissolved in cold isopropanol and TG levels 
measured using a commercially available kit (Thermo Scientific, Waltham, MA). 
Histology. All fat tissues were fixed in 10% neutral buffered formalin and 
embedded in paraffin. Five-micrometer sections were cut, stained with he- 
matoxylin and eosin (H&E), and photographed under a light microscope. 
Serum profiling. Blood was taken from anesthetized mice. The levels of leptin, 
adiponectin, IGF-1, and insulin were measured by an ELISA kit (R&D Systems, 
Minneapolis, MN). Serum TG and cholesterol levels were measured using the 
corresponding kit from Thermo Scientific. 
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FIG. 2. Deletion of LKB1 in mice inhibits the formation of WAT. A: Appearance of the epidydimal fat pad and BAT of WT and LKBl a mice at the 
age of 18 days. B: Weight of various organs relative to overall body weight in WT and ZJ£Bl ad-/_ mice at 18 days after birth. C: WAT and BAT from 
18-day-old male WT and its ZJ£Bl ad_/ ~ littermate were stained with H&E. Scale bar, 50 |mm. D: Adipocyte size was measured using images of WAT 
sections (ji > 100 cells/group). *P < 0.05 compared with WT. (A high-quality color representation of this figure is available in the online issue.) 
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Western blot. Fresh fat tissues were collected and immediately frozen in liquid 
nitrogen. Proteins from whole-cell lysates were extracted in lysis buffer with 
sonication and analyzed using Western blot. The intensities (density three area) 
of individual bands were measured by densitometry (Model GS-700, Imaging 
Densitometer; Bio-Rad, Hercules, CA). 

Quantitative real-time RT-PCR. Total RNA was extracted from frozen tis- 
sues (kept at -80°C) using the Tri Reagent (Ambion, Austin, TX), and 1 (xg of 
RNA was reverse-transcribed into cDNA using iScript cDNA Synthesis Kits 
(Bio-Rad). PCR amplification was performed using the SYBR PCR mix (Bio- 
Rad). The oligonucleotides used in PCR analysis were as follows: LKB1, 
5'-AGCTGCGCAGGATCCCCAAT-3' and 5'-TGGCACACAGGGAAGCGCTT-3'; IRS1, 
5'-ACTATGCCAGCATCAGCTTC-3' and 5'-AAGGAGGATTTGCTGAGGTC-3' ; Fbw8, 
5'-GCCACGGAGCCCGAGCCGCTGG-3' and 5'-GCACCTCGTCTTCAGCAATCAC-3' ; 
and GAPDH, 5'-TTGTCAAGCTCATTTCCTGGTATG-3' and 5' -GCCATGTAGGC- 
CATGAGGTC-3'. 

Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) 
analyses of MEF cells were performed using the Magna ChIP A/G Chromatin 
Immunoprecipitation Kit (Millipore), following the manufacturer's recom- 
mendations. LKBl^^ 030 MEF cells were first infected with adenovirus 
expressing lacZ (WT) or Cre recombinase (LKB1 KO) for 48 h and then cross- 
linked using formaldehyde; DNA was then sheared by sonication and in- 
cubated with 1 fig of normal rabbit IgG (sc-2027) or anti-SREBP-1 (sc-8984). 



Immunoprecipitation was performed with the magnetic beads included in the 
kit. For PCR, 2 (jlI of the 50 jjlI total immunoprecipitated DNA was analyzed 
with the following oligonucleotides: SRE1, 5 ' -CTCAGAGAGGTCTTCATGA- 
CAGCT-3' and 5'-TGGCGCACGCCriTAATCCCAGCA-3'; SRE2, 5'-TTGCCTA- 
CATCAGCACCCTGTTCT-3' and 5 ' -CTACTTGATATiTCCACCGATGTA-3 ' ; and 
SRE3, 5'-CTGATGAAGGCTCAGGCCTCTGAC-3' and 5'-TGATGTAGGCAAGGG- 
TGGCTAAGG-3'. 

DNA constructs and lucif erase reporter assays. The DNA fragment from 
the mouse Fbw8 promoter cloned into pGL3Basic (Promega, Madison, WI) to 
generate the WT-luc construct was amplified by PCR using the following oli- 
gonucleotides: 5'-GCTAGCCACAAAGGCATGTACACAGGTATA-3' and 5'-AAG- 
CTTACTGTCCATCCGCCGGAAGTGTCC-3'. Mutant constructs of the predicted 
SRE sites in the Fbw8 promoter were generated by site-directed mutagenesis 
(Promega) using the following primers: SRE1, 5 ' -CCTGGCTGTCCTGGAAC- 
CAAATCCATAGACCAGGCTGG-3 ' and 5'-CCAGCCTGGTCTATGGATTTGGTTC- 
CAGGACAGCCAGG-3 ' ; SRE2, 5 ' -TCTGGGAACATGGACTTAGGCAAACCCAATC 
TCACGTCCCATTG-3' and 5'-CAATGGGACGTGAGATTGGGTTTGCCTAAGTCC 
ATGTTCCCAGA-3'; and SRE3, 5'-ACAGATGACATCACTGTTTACTTTTGGAAA 
CCCAGGACAGCCAGCGACAGC-3' and 5'-GCTGTCGCTGGCTGTCCTGGGTT- 
TCCAAAAGTAAACAGTGATGTCATCTGT-3 ' . For the luciferase assay, the lu- 
ciferase reporter plasmids along with the SREBP-lc plasmid were transfected 
into MEF cells in 24-well plates using FuGene HD reagent (Roche Applied 
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FIG. 3. LKB1 KO in adipose tissue affects hormone secretion and TG levels. Serum adiponectin CA), leptin (1?), IGF-1 (C), insulin (Z>), TG (i?), and 
cholesterol (F) levels were measured from 18-day-old male WT and LKBl ad ~ / ~ mice (ji = 5). *P < 0.05 compared with WT. 
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FIG. 4. Impaired adipogenesis in LKB1 -deficient WAT. A: Western blot analysis of adipocyte-specific genes and adipogenic transcription factors for 
WAT and BAT from WT and 18-day-old male LKBl ad/ ~ mice. B and C: Western blot analysis of IRSl/Akt signaling in WAT from WT and LKBl ad / ~ 
mice. The blot is a representative of three blots obtained from three independent experiments. D: RT-PCR to detect IRS1 mRNA levels in WT and 
LKBl-deficient WAT (n = 3). E: Western blot analysis to detect Fbw8 and Cul7 protein levels in WT and LKB1 -deficient WAT. F: RT-PCR to detect 
Fbw8 mRNA level in WT and LKBl-deficient WAT (n = 3). *P < 0.05 compared with WT. 



Science). The pRL-TK plasmid carrying the Renilla lucif erase under the con- 
trol of the thymidine kinase promoter was also cotransfected as an internal 
control for transfection efficiency. Cells were harvested 48 h after trans- 
fection, and luciferase activities were then analyzed using the Dual-Luciferase 
Assay Kit (Promega). 



Statistics. Mean ± SEM values were analyzed using GraphPad Prism (version 
3; GraphPad Software Inc., San Diego, CA). Statistical comparisons between 
groups were performed using the Student t test. Curves were compared using 
two-way ANOVA and Bonferroni posttests. Groups were considered significantly 
different at P values <0.05. 
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FIG. 5. LKB1 regulates adipogenesis through the IRSl/Akt signaling pathway. A: LKBl^ 03 ^ 1030 MEF cells were infected with adenovirus expressing 
lacZ (WT) or Cre recombinase (LKB1 KO) for 2 days and then induced to differentiate into adipocytes. Oil Red O staining was performed after 8 
days. B: TG levels were measured on day 8 of differentiation in WT and LKB1 -deficient cells (n = 4). C andZ): Cells were harvested at 0, 2, 5, and 8 
days of differentiation, and Western blot analysis was performed to detect adipogenic proteins and IRSl/Akt signaling. E: jj^ifl 03 ^ 1030 MEF cells 
were first infected with adenovirus expressing lacZ (WT) or Cre recombinase (LKB1 KO) for 24 h and then infected with CA-Akt or GFP virus for 
another 24 h. After that, cells were induced to differentiate into adipocytes. Oil Red O staining was performed after 8 days. F: Cells were harvested 
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RESULTS 

Severe growth retardation in adipose tissue-specific 
LKB1 KO mice. We first investigated the mRNA and 
protein levels of LKB1 in WAT and BAT from WT mice. As 
depicted in Fig. 1A, the mRNA levels of LKB1 in WAT were 
fourfold higher than those in BAT. Compared with the 
weak staining seen for LKB1 in BAT, higher expression of 
LKB1 proteins was found in WAT (Fig. LB), suggesting that 
LKB1 is mainly present in WAT. 

To further elucidate the role of LKB1, we generated 
mice containing an adipose tissue-specific LKB1 deletion 
using mice containing the floxed LKB1 allele (22). Because 
Fabp4, like LKB1, is mainly expressed in WAT, we crossed 
LKB1 flox/jiox with Fabp4 _ Cre mice to generate WAT-specific 

LKB1 KO (LKBl™*-'-) mice. The LKBl flox/fiDX /Cm~ mice 
were used as WT controls. As expected, LKB1 was not 
detectable in the WAT and remained low in the BAT, of 
LKB1 ad-/- mice lcr} c ons i stent w i tn this, the level of 

phospho-AMPKa (Thrl72), one of the most important sub- 
strates of LKB1, was barely detectable in the WAT of 
ZJ££>7 arf_/ ~ mice, in contrast to the unaltered levels of p- 
AMPK seen in the BAT of LKBl^' mice (Fig. 1C and D). 
Taken together, our results suggest that LKB1 is essential for 
maintaining AMPK Thrl72 phosphorylation in WAT in vivo. 

Compared with their WT counterparts (Fig. IE), LKBl^' 
mice exhibited severe postnatal growth retardation, start- 
ing at day 4 after birth. The body weights of LKBl ad/ ~ 
mice at birth and for the first 3 days after birth were in- 
distinguishable from their littermates (Fig. IF). However, 
from day 5 after birth, all ZJ£B7 arf_/ ~ mice had significantly 
reduced body weights relative to those of their WT coun- 
terparts (Fig. IF). At day 17, male LKBl ad/ ~ mice weighed 
49.5% less than their WT littermates (5.15 ± 0.45 vs. 
10.20 ± 0.52 g, n = 5; P < 0.001). Importantly, LKBl^' 
mice began to die at day 3 after birth. None of the 
LKBl ad/ ~ mice survived beyond postnatal day 19 (Fig. 
IG), whereas all WT pups survived. The blood glucose 
levels of ZJ£B7 arf_/ ~ mice measured at days 3, 9, and 18 
were markedly lower than those of WT mice (Fig. 1H). 
Deletion of LKB1 in mice inhibits the formation of 
WAT. Next, we examined the effect of LKB1 deletion on 
WAT and BAT. Necropsy analysis revealed that the 
amount of WAT, including subcutaneous, visceral, or go- 
nadal fat tissue, was severely reduced in ZJ£R? arf_/ ~ mice 
compared with their age-matched littermates. Fig. 2A 
shows epididymal fat from 18-day-old WT and LKBl ad/ ~ 
mice. The 18-day-old male WT mice had a mean value of 
9.5% white fat of body weight, whereas LKBl^' mice 
had 1.27% white fat of body weight (Fig. 2B). The amount 
of BAT was also smaller in LKB1 mice than in WT 
(Fig. 2A); however, the ratio of BAT to body weight was 
not lower in the ZJ£B7 acW ~ mice (Fig. 2B). Histological 
analyses of WAT and BAT using H&E staining showed that 
white adipocytes were smaller in LXR? arf_/ ~ mice than in 
WT mice (Fig. 2C and D). In contrast, there was no dif- 
ference in the morphology of BAT between WT and 
LKBl ad/ ~ mice, further confirming that deletion of LKB1 
affects only WAT but not BAT. Interestingly, the ratios of 
liver, kidney, and heart tissue to body weight were similar 
between WT and LKBl^' mice (Fig. 2B). Histological 



examination confirmed normal structures in both heart 
and liver in ZJ£B7 arf_/ ~ mice (Supplementary Fig. 1). 
LKB1 KO in adipose tissue affects hormone secretion 
and TG levels. In addition to its primary function as an 
energy reservoir, WAT is an endocrine organ, secreting 
adipocytokines that regulate glucose and lipid metabolism 
(23). We therefore examined whether the defective adi- 
pogenesis seen in ZJ£R? acW ~ mice affected the secretion 
of critical hormones such as adiponectin, leptin, and IGF-1. 
Serum adiponectin levels were lower in ZJ£R? arf_/ ~ mice 
(3.88 ± 1.17 |xg/mL) than in WT mice (6.08 ± 1.28 |xg/mL) 
(Fig. 3A). Circulating levels of leptin were barely detectable 
in 18-day-old LKB1 ~ mice (Fig. 3B). Similarly, serum IGF- 
1 levels were reduced by 89.6% in LKBl^' mice (Fig. 3C). 
However, insulin levels were similar between WT and 
LKBl ad / ~ mice (Fig. 3D). 

Next, we detected whether reduced WAT altered the 
levels of TG mLKBl^' mice. As shown in Fig. 3E, LKB1 
deletion in adipose tissue resulted in decreased serum TG, 
indicating that LKB1 deficiency leads to impaired adipo- 
genesis and lipogenesis in mice. However, LKB1 deficiency 
in WAT did not change serum cholesterol levels (Fig. 3F) 
or the mRNA level of hydroxymethylglutaryl (HMG) CoA 
reductase, the rate-limiting enzyme in cholesterol synthe- 
sis, in the livers (Supplementary Fig. 2). Our results sup- 
port the notion that liver but not WAT is the central organ 
in maintaining whole-body cholesterol homeostasis (24), 
and WAT is poor at de novo cholesterol biosynthesis (25). 
Impaired adipogenesis in LKB1 -deficient WAT. We 
further investigated how LKB1 deficiency affects adipo- 
genesis. We first monitored the levels of C/EBPa and 
PPAR7, two known transcription factors for adipogenesis. 
As shown in Fig. 44, the levels of C/EBPa and PPAR7 were 
significantly lower in LKBl-deficient WAT, but not in BAT, 
compared with WT. As expected, the levels of Fabp4 were 
significantly reduced in LKBl-deficient WAT, but not in 
BAT. The levels of uncoupling protein 1 (UCP1) were re- 
duced in LKBl-deficient WAT but not in BAT (Fig. 4A). 

Insulin/Akt signaling is known to be essential in the 
process of adipogenesis; therefore, we determined whether 
LKB1 deficiency altered the insulin/Akt pathway. As depicted 
in Fig. 4B, total IRS1 levels were lower in LKBl-deficient 
WAT. Consistent with this, the levels of phospho-Akt (T308 
and S473) were also lower upon LKB1 deletion (Fig. 4B 
and C). 

To elucidate how LKB1 deletion causes a decrease in 
IRS1, we detected IRS1 mRNA levels using RT-PCR. As 
shown in Fig. 4D, IRS1 mRNA levels were similar between 
WT and LKBl^'^ adipose tissues, suggesting that LKB1 
deletion may lower IRS1 levels by increasing its degrada- 
tion. Since IRS1 was reported to be degraded by the E3 
ubiquitin complex containing CUL7 and the Fbw8- 
substrate-targeting subunit (14), we tested whether LKB1 
deletion altered the levels of CUL7 and Fbw8. The level of 
CUL7, which is the scaffolding protein in the complex, 
remained unchanged in LKBl-deficient WAT, whereas the 
level of Fbw8, the IRSl-target subunit, was higher (Fig. 
4E). Consistent with this, Fbw8 mRNA levels were eight- 
fold higher in LKBl-deficient adipose tissue than in WT 
adipose tissue (Fig. 4F). 



after differentiation, and Western blot analysis was performed to detect adipogenic proteins. The blot is representative of three blots obtained 
from three independent experiments. G: lkbI* 10 *^ 10 * MEF cells were infected with adenovirus expressing lacZ (WT) or Cre recombinase (LKB1 KO) 
for 2 days and then treated with insulin (100 nmol/L) for 15 min. Western blot analysis was performed to detect Akt pathway targets. H: Western 
blot analysis was performed to detect p-S6Kl T389 and p-IRSl S636/639 in WT and LKBl-deficient WAT. *P < 0.05 compared with WT. 
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FIG. 6. LKB1 regulates Fbw8 expression in an AMPK-dependent manner. A and B: Time course of LKB1, Fbw8, and IRS1 expression and AMPK 
phosphorylation. LKBl flox/flox MEF cells were infected with adenovirus expressing Cre recombinase for different times, and then Western blot was 
performed to detect the protein levels of LKB1, p-AMPK, Fbw8, and IRS1 at the indicated times. The blot is representative of three blots obtained 
from three independent experiments. C: lrbf 10 *^ 10 * MEF cells were first transfected with control (CTR) siRNA or Fbw8 siRNA and then infected 
with adenovirus expressing lacZ (WT) or Cre (LKB1 KO) for 2 days. The level of IRS1 was detected using Western blot. D: LKBl floxm ° x MEF cells 
were first infected with C A- AMPK or control virus for 24 h and then infected with Cre virus to delete LKB1; Western blot was then performed to 
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LKB1 regulates adipogenesis through the IRSl/Akt 
signaling pathway. We further researched how LKB1 
altered adipogenesis in cultured cells. We cultured 
LKB1 flox/jiox MEFs and infection with Ad-Cre virus led to 
LKB1 deletion in these cultured cells. LKBl flox/Jiox MEFs 
were first infected with the lacZ or Cre virus and then in- 
duced to differentiate into adipocytes for 8 days. Oil Red O 
staining showed that the number of adipocytes obtained 
from LKBl-deficient MEFs was significantly lower than 
that obtained from WT (Fig. 5A). As expected, the TG 
levels were also lower upon LKB1 deletion (Fig. bE). 
Western blot results indicated that the levels of the adi- 
pogenesis markers Fabp4 and fatty acid synthetase (FAS), 
as well as those of C/EBPa and PPAR7, were significantly 
decreased in LKBl-deficient cells (Fig. 5(7), consistent with 
the results from LKB-deficient WAT (Fig. 4A). 

To confirm the presence of impaired IRSl/Akt signaling 
in LKBl-deficient cells, total IRS1 was detected by Western 
blot. As seen in Fig. 5Z>, the IRS1 level was significantly 
decreased in LKBl-deficient cells. A phospho-specific an- 
tibody directed at Tyr612 of IRS1 (a putative binding do- 
main for the p85 subunit of phosphoinositide-3-kinase) 
was used to examine the insulin-stimulated activation of 
IRS1 (26,27). As expected, the level of p-IRSl (Tyr612) was 
also decreased in LKBl-deficient cells (Fig. bD). Consistent 
with this, the levels of phospho-Akt (Thr308 and Ser473) 
and p-FoxOl (Ser256) were also decreased (Fig. 5D). 

To investigate if Akt reduction contributed to reduced 
adipogenesis by LKB1, LKBl-deficient cells were infected 
with adenoviruses encoded with constitutively active (CA)- 
Akt or GFP. As shown in Fig. 5E, adenoviral overexpression 
of CA-Akt but not GFP restored the adipogenesis in LKBl- 
deficient cells. Consistently, overexpression of CA-Akt but 
not GFP normalized the expression of Fabp4, PPAR7, and 
C/EBPa in LKBl-deficient cells (Fig. 5F). 

To further confirm impaired insulin/Akt signaling in 
LKBl-deficient cells, WT or LKBl-deficient cells were 
treated with insulin (100 nmol/L) for 15 min, and Akt 
phosphorylation was detected by Western blots. As shown 
in Fig. 5G, both phospho-Akt S473 and T308 were de- 
creased in LKBl-deficient cells, suggesting impaired Akt 
phosphorylation in LKBl-deficient cells. Since IRS1 was 
reported to be phosphorylated by S6K1 with consequent 
Akt inhibition (28), we further probed for p-S6Kl in 
LKB1 _/ " adipocytes. As shown in Fig. 5H, p-S6Kl (T389) 
was increased in LKBl-deficient WAT whereas the levels 
of p-IRSl (Ser636/639) in WAT from LKB1" 7 " were re- 
duced when compared with WT, suggesting that increased 
Akt inhibition in LKBl-deficient WAT was not due to in- 
creased phosphorylation of IRS1 by S6K1. Consistently, 
the ratios of p-IRSl (Ser636/639) to total IRS1 were not 
altered in LKBl-deficient WAT (data not shown). Since the 
total IRS1 was significantly lower in LKBl-deficient WAT 
than WT (Fig. 45), our data suggest that LKB1 deletion 
results in decreased IRS1 levels with consequent Akt re- 
duction, thereby leading to impaired adipogenesis. 
LKB1 regulates Fbw8 expression in an AMPK- 
dependent manner. Our results above indicated that 
the expression of Fbw8 is increased in LKBl-deficient 
WAT. To further confirm that LKB1 deletion leads to Fbw8 
overexpression, j j kb2 JIox/JIox MEFs were infected with 



virus encoding the Cre recombinase for different times, 
and Western blotting was performed to detect the Fbw8 
level. As shown in Fig. 6A, Cre-mediated LKB1 loss led to 
decreased p-AMPK, increased Fbw8, and decreased IRS1 
levels. Fig. 6B depicts the time course of the relationships 
among LKB1, p-AMPK, Fbw8, and IRS1. LKB1 levels de- 
creased within 12 h, the phosphorylation of AMPK was 
significantly decreased and the Fbw8 level elevated at 24 h, 
and the IRS1 level began to decrease at 36 h. These data 
suggest that LKB1 loss decreased AMPK phosphorylation. 

To establish a causative role for Fbw8-induced IRS1 
degradation, Fbw8 small interfering RNA (siRNA) was 
used to knockdown Fbw8, and then the Cre virus was used 
to delete LKB1. LKB1 deletion increased IRS1 degradation 
(Fig. 6(7), and as expected, knockdown of Fbw8 blocked 
LKB1 deletion-induced IRS1 degradation. Taken together, 
these data indicate that LKB1 deletion increases IRS1 
degradation via Fbw8 overexpression. 

Because the level of p-AMPKa was significantly de- 
creased in LKBl-deficient WAT (Fig. 1(7), we next de- 
termined whether LKB1 loss-induced IRS1 degradation 
was AMPK-mediated. Overexpression of a CA-AMPK vi- 
ral construct increased AMPK activity, as evidenced by 
the increased phosphorylation of acetyl-CoA carboxylase 
(ACC), one of the downstream enzymes of AMPK (Fig. 6D). 
As shown in Fig. 6D, transfection with CA-AMPK ablated 
both Fbw8 expression and the IRS1 reduction caused by 
LKB1 deletion. These data indicate that LKB1 regulates 
Fbw8 expression in an AMPK-dependent manner. 

To further confirm the role of AMPK in adipogenesis, 
primary AMPKal- and -a2-deficient and WT MEF cells 
were cultured for 25 days. Both AMPKal- and -a2- 
deficient MEFs exhibited dramatically impaired adipocyte 
differentiation compared with WT MEFs (Fig. 6E). West- 
ern blot results showed that the levels of PPAR7 and 
Fabp4 were decreased in differentiated AMPKal- and -a2- 
deficient cells (Fig. 6F). Thus, LKB1 deletion has a pheno- 
type similar to that of AMPKa loss in adipogenesis, which 
further confirms the importance of the LKB1-AMPK- 
Fbw8-IRS1 axis in adipogenesis. 

LKB1 deletion induces SREBP-lc to regulate Fbw8 
expression. We next dissected how LKB1/AMPK regu- 
lates Fbw8 expression. Promoter analysis of Fbw8 was 
performed using the Transcription Factor Database (http:// 
www.gene-regulation.com) internet-based transcription 
factor binding site program. Three SRE sites were found in 
the Fbw8 promoter (Fig. 7 A), suggesting that SREBP may 
bind to the Fbw8 promoter to regulate its expression. 

There are three SREBP isoforms, and they have differ- 
ent distributions and target genes. To determine which 
SREBP isoform regulated Fbw8 expression, flag-tagged 
active SREBP isoforms were transfected into cells, and 
Western blots were performed to detect Fbw8 expression. 
As shown in Fig. 7B, SREBPlc, but not SREBPla or 
SREBP2, induced the overexpression of Fbw8. 

AMPK is reported to phosphorylate and inhibit SREBP-lc 
activity (29). Next, we investigated whether LKB1 deletion 
induced the maturation of SREBP-lc and its translocation 
into the nucleus. Cell fractionation was performed to 
separate cytoplasmic and nuclear proteins. As shown in 
Fig. 7C, LKB1 deletion not only increased the conversion 



detect Fbw8 and IRS1 levels. E: Primary AMPKal- and -«2-deficient MEFs and WT MEFs were cultured for 25 days, and images were recorded 
under a light microscope, original magnification x 100. F: Western analysis for PPAR7 and Fabp4 in differentiated WT and AMPKal- and -ol2- 
deficient cells. (A high-quality color representation of this figure is available in the online issue.) 
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FIG. 7. LKB1 deletion induces SREBP-lc to regulate Fbw8 expression. A: The Fbw8 promoter was analyzed using Transcription Factor Database 
software, revealing three SRE sites within the Fbw8 promoter. The WT and three mutant Fbw8 promoter lucif erase constructs are shown. 
B: Protein expression from flag-labeled SREBP-lc, SREBP-la, SREBP-2, or control plasmids transfected into MEFs, and Fbw8 protein levels were 
detected by Western blot. C: The cytoplasmic and nuclear fractions were isolated from WT and LKB1 -deficient cells, and then SREBP-1 proteins 
were detected using Western blot. D: ChIP for different SREBP-1 binding sites in the Fbw8 promoter. The PCR was performed using primers 
according to different SRE sites. E: WT or mutant Fbw8 promoter lucif erase constructs were transfected together with SREBP-lc or the control 
plasmid into MEFs, and luciferase activity was measured after 24 h. Experiments were performed in triplicate, and results of the luciferase 
reporter assay are presented as fold changes ± SEM of the Firefly/Renilla luciferase activities. F: LKBl Jlox/Jiox MEF cells were first transfected 
with control (CTR) siRNA or SREBP-lc siRNA and then infected with adenovirus expressing lacZ (WT) or Cre recombinase (LKB1 KO). Western 



2356 DIABETES, VOL. 62, JULY 2013 



diabetes, diabetesj ournals. org 



W. ZHANG AND ASSOCIATES 



of the SREBP-1 precursor (125 kDa) into active SREBP-1 
(65 kDa) but also promoted the translocation of SREBP-1 
into the nucleus. 

To further confirm that SREBP-lc can bind to the SRE 
sites in the Fbw8 promoter, different primers were designed 
for a DNA ChIP experiment. Deletion of LKB1 induced 
binding of SREBP-lc to aU of the three SRE sites in the 
Fbw8 promoter (Fig. ID). To further analyze the functional 
role of SREBP-lc binding sites on the activity of the Fbw8 
promoter, we mutated the core SREBP-lc binding sites in 
three SREs and then inserted these into luciferase plasmids. 
As shown in Fig. IE, SREBP-lc transfection significantly 
increased luciferase activity from the WT Fbw8 promoter. 
In contrast, the SRE mutants showed a reduction in SREBP- 
lc-mediated Fbw8 promoter activation. 

Finally, SREBP-lc siRNA was used to knockdown 
SREBP-lc, and then the Cre virus was used to delete 
LKB1. As shown in Fig. IF, LKB1 deletion resulted in Fbw8 
overexpression, as observed in an earlier experiment. 
Moreover, SREBP-lc knockdown ablated LKB1 deletion- 
induced Fbw8 overexpression (Fig. IF). 

DISCUSSION 

In this study, we have demonstrated that the LKB1-IRS1 
pathway is indispensable for adipogenesis. The impaired 
adipogenesis seen in mice lacking LKB1 in adipose tissue 
(ZJ£B7 arf_/ ~ mice) results in reductions in WAT and early 
death. Thus, our results establish that LKB1 is essential for 
the development and metabolism of adipose tissue. 

ZJ£R? arf_/ ~ mice were significantly smaller and more 
slender than the control littermates and typically died 
within 3 weeks after birth. Some studies have reported 
viable mouse models with reduced adipose deposition 
(30,31), indicating that the early lethality seen in LKBl ad/ ~ 
mice may be unrelated to the inability of these mice to form 
WAT. Blood glucose levels are much lower in LKBl ad/ ~ 
mice than in WT mice. Some reports showed that hypo- 
glycemia in Sirt6-KO mice or C/EBPa-KO mice caused then- 
early death (32,33). Thus, the early lethality in LKBl^' 
mice may result from the hypoglycemic phenotype. 

In this study, we report for the first time, based on ChIP 
and luciferase assays, that SREBP-lc binds to the Fbw8 
promoter and regulates its expression. Thus, LKB1 deletion 
led to SREBP-lc activation and Fbw8 overexpression, 
resulting in decreased IRS1 levels and impaired adipo- 
genesis. Our findings clarify the function of SREBP-lc in 
adipose tissue and further explain the phenotype of trans- 
genic mice with adipose tissue-specific expression of 
SREBP-lc. SREBP-ls are considered to be profoundly in- 
volved in the transcriptional regulation of lipogenic enzymes 
(34), and the predominant SREBP-1 isoform in liver and 
adipose tissue is SREBP-lc rather than SREBP-la (35). 
However, the involvement of SREBP-lc in fatty acid syn- 
thesis differs fundamentally between the liver and adipose 
tissue. Several lines of evidence, especially from transgenic 
and KO mouse models (36,37), have proved that mature 
hepatic SREBP-lc regulates lipogenic gene expression in the 
liver. In contrast, targeted disruption of the SREBP-1 gene 
scarcely affected the dynamic changes in lipogenic gene 
expression in the adipose tissue (37). Moreover, SREBP-lc 



overexpression in adipocytes disrupted the differentiation 
processes of adipocytes, resulting in lipodystrophy in 
transgenic mice (38). Hence, the role of SREBP-lc in lipo- 
genic gene regulation in adipocytes is not well-understood. 

Another important finding in this study is that LKB1 
regulates SREBP-lc activity through AMPK. This obser- 
vation is consistent with a previous report on the re- 
lationship between AMPK and SREBP-lc (29). However, 
the role of AMPK in adipogenesis is still unclear and con- 
troversial. Some studies have reported that treatment of 
3T3-L1 cells with AMPK agonists leads to inhibition of clonal 
expansion (39,40); therefore, AMPK is thought to be anti- 
adipogenic. In our study, AMPK activity was decreased in 
LKBl-deficient WAT, and this was accompanied by impaired 
adipogenesis. This suggests that AMPK is adipogenic. Be- 
sides, AMPKa-deficient MEFs could not differentiate into 
adipocytes. However, whole-body AMPKal or -a2 KO mice 
do not exhibit the lipodystrophic or obese phenotype. It is 
therefore possible that AMPKal and -a2 have compensatory 
effects in mice bearing KOs of the other gene. For example, 
AMPKa2 activity in BAT, WAT, and liver was significantly 
greater in AMPKal _/ ~ than in WT mice (41). Besides, 
AMPK was reported to be required for brown adipocyte 
differentiation (42). Thus, it is necessary to generate adi- 
pose tissue-specific AMPKal and -a2 double-KO mice to 
further confirm the role of AMPK in adipogenesis. 

LKBl ad/ ~ mice exhibit severely decreased WAT mass, 
which is linked to decreased adipocyte size. This model is 
useful for studying the differentiation process of WAT. 
However, the role of LKB1 in BAT is not clear. Because 
Fabp4 was found mainly in WAT, Fabp4-mediated LKB1 
deletion mainly occurred in WAT (Figs. IA and B and 4A). 
In addition, we found that LKB1 is normally expressed in 
BAT and that LKBl^' mice have normal BAT (Figs. IA 
and B and 4A). Thus, our study has not addressed the 
importance of LKB1 in BAT, and further studies on the role 
of LKB1 in BAT are warranted. As expected based on the 
reduced fat storage, LXB7 arf / ~ mice also show reduced 
levels of circulating adiponectin, leptin, TGs, and IGF-I. 
IGF-1 plays an important role in skeletal development and 
normal postnatal growth (43). IGF-1 deficiency in mice 
results in marked skeletal dysplasia and growth re- 
tardation (44). Thus, the lower level of serum IGF-1 in 
LKBl ad/ ~ mice may contribute to their small skeleton 
size and growth retardation. 

In summary, we report the identification of LKB1 as an 
essential player in adipocyte differentiation. Our work 
provides a new mouse model that exhibits impaired adi- 
pogenesis, which will prove very useful in studies of the 
mechanism of adipogenesis. As preadipocytes from elderly 
humans retain the capacity to differentiate in vitro (45), it is 
possible that adipogenesis occurs throughout life at a low 
rate until energy storage demands promote further differ- 
entiation. Our study opens up new avenues of research into 
human lipid metabolism. Our future studies will investigate 
the relationship between LKB1 and obesity. 
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